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Abstract 
This study was concerned with the problem of application of the individual-based EFIMOD model to spatially 
explicit simulations on a regional scale. Three large forest areas with a total area of about 17,000 km2 with distinct 
environmental conditions were chosen. We used a set of simulation scenarios, taking into account both the regime of 
forest management and natural disturbances. The procedure of model initialization was suggested using conceptions 
of soil and forest types. 
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Introduction 
Increased anthropogenic load has resulted in the aggravation of many environmental problems. This 
suggests that some steps need to be made: (1) developing tools for the assessment of ecosystem 
sustainability; (2) studying the quantitative and qualitative patterns of ecosystem dynamics under various 
impacts, including global climate change, natural disasters and human activities; (3) refining the 
techniques used for the assessment of human impacts to environment, including ecological and economic 
forecast. A new paradigm of sustainable forest management has been established. It requires effective 
predictions of forest growth and the dynamics of its basic characteristics, including biodiversity 
assessment and maintenance. Currently, emphasis has shifted from the simulation of spontaneous regimes 
of development to forecasting ecosystem responses to various impacts. A great number of studies 
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investigating the dynamics of forest ecosystems in the context of various natural disturbances [1], global 
climate change [2,3], increased nitrogen deposition [4] and management [5,6,7] are available. 
Disturbances can be considered as the key drivers of forest ecosystem dynamics because of their 
significant influence on its structure and functioning. For the best understanding of these influential 
mechanisms and to achieve a realistic representation of the key processes, process-based models must be 
applied to the simulation [1]. It should be also realized that all disturbances have an explicit spatial 
structure and superimpose one after another, creating a complicated spatial pattern of interactions. 
Moreover, forest ecosystems themselves have a high level of spatial discontinuity. Therefore, it is 
necessary to use spatially explicit models which allow for an accounting of forest typology and simulate 
the complex effects of various factors on large areas. 
Previously, we reported our results obtained from simulations of the dynamics of forest ecosystems in 
central European Russia under different scenarios of forest management [8, 9] and different levels of 
atmospheric nitrogen deposition [10] together with climate change. This work is further development of 
previously published studies. We will consider the dynamics of forest ecosystems, placing a special 
emphasis on the differences between climatic subzones and forest types. 
 
Nomenclature 
 
PAR  photosynthetically active radiation 
Nav   nitrogen available for plants 
SOM  soil organic matter 
Forestry enterprise large forested area, the main unit of forest management activity in Russia 
Labile humus complex of humic substances loosely bound to plant residues 
Stable humus complex of humic substances tightly bound to clay minerals 
Forest element even-aged group of trees of the same species with similar stem height and diameter 
Materials and methods 
 Model and initialization 
The model system EFIMOD [11] has been used for the analysis of soil and stand dynamics in forest 
ecosystems of the boreal and temperate zones. The model system is of the individual-based type. A 
simulated stand is arranged on a square lattice, and the size of the cells allows for locating only one tree in 
a cell. The biomass of five compartments (stem, branches, leaves/needles, fine and coarse roots) is 
calculated for each tree. There are two types of interaction between trees in a stand: competition for 
available PAR (photosynthetically active radiation) and competition for soil nutrients (in particular for 
nitrogen available to plants). Each tree forms a shadowing zone with a size depending on tree diameter. 
The model system consists of four main blocks (sub-models): 1) a model of individual tree growth; 2) a 
spatially explicit stand model; 3) a model of soil organic matter dynamics (ROMUL) [12] and 4) a 
statistical climate generator, which converts changes in climatic variables, including air temperature, 
precipitation onto the forest floor, soil temperature and moisture, on a monthly basis [13]. The flowchart 
of EFIMOD is shown in Fig. 1. 
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Fig. 1. The flowchart of the EFIMOD model. 
ROMUL is a model of soil organic matter dynamics based on the assumption that there is a consequent 
change of communities of destructors in the course of soil organic matter decomposition and humification 
[12]. The amount and species composition of destructors depend on the biochemical properties of organic 
residues and hydrothermic conditions. Thus, it is possible to calculate the coefficients of decomposition 
rates as functions of biochemical properties of litterfall, soil temperature and moisture. 
It is assumed that nutrients released due to mineralization are completely absorbed by plants; surplus 
nitrogen is immobilized in soil. ROMUL describes the dynamics of the three main pools of soil organic 
matter (SOM): total SOM of the forest floor, labile humus of mineral horizons (originating from 
decomposing root litter) and stable humus of mineral soil consisting of SOM combined with mineral 
particles with a slow rate of decomposition. 
As mentioned above, the model system EFIMOD is an individual-based one and it is intended for the 
assessment of forest ecosystem dynamics on a local (stand) scale. The initial model parameters are 
specified manually, i.e. either using a keyboard or from inputting file(s). The management of scenarios in 
sample plot development (including cuttings, plantings and fires) is implemented in a similar way. 
A problem arises when running the model for simulating forest stand growth on a large scale where the 
elementary processing unit is represented as a homogenous site with the same environmental conditions 
and species composition in the canopy, understorey and ground layer vegetation. Such an approach, on 
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the one hand, allows for estimating the dynamics of the territory as a whole and to determine certain 
general trends. On the other hand, it allows for keeping of a high level of detail with which is possible to 
analyze the dynamics of each site. It makes comparative analysis possible, and also permits the 
presentation of the results of model experiments in geographic information systems for corresponding 
spatial analysis. 
The disadvantage of such an approach is its laboriousness because a number of initial parameters must 
be entered to design the model experiment under a certain scenario for each site. For the purposes of 
automatic processing, the current version of the EFIMOD model system has been supplemented with a 
special module which implements a batch processing mode using corresponding database. In this mode, 
the setting of initial parameters and scenarios in forest management on the sample plot is carried out 
automatically without the user’s participation. Input parameters for model initialization can be read from 
a database where one record contains the characteristics of one site. Such an approach allows for applying 
an individual-based model on a regional scale. 
The following input parameters are necessary to run the model: the species composition of the forest 
stand, the average height of trees, the average stem diameter at breast height, the number of trees per 
hectare and the age of trees for each forest element (a “forest element” is an even-aged group of trees of 
the same species with similar stem height and diameter [14]). 
The characteristics of soil organic matter pools have been taken from a special database [15]. Most 
stand information is available from forest inventory databases. However, some parameters which are 
necessary for model initialization are absent in such databases. For example, the height of trees, stem 
diameter at breast height and age are listed only for the dominant species. As a rule, the number of trees 
per hectare in forest inventory databases is absent as well as information on soil carbon and nitrogen 
pools. Information on the amount of deadwood and snag is also extremely incomplete. These absent data 
can be calculated on the basis of available data: growing stock, site area, and relative stand density, stand 
composition, site class and tree species. The authors have developed a model interface that transforms 
forest inventory data into input data for the EFIMOD model system. According to this technique, the 
following operations were made with the initial data: 1) the growing stock per entire site was recalculated 
to growing stock per hectare; 2) the growing stock for each tree species was calculated by the 
multiplication of growing stock per hectare by the proportion of this species in the stand; 3) the relative 
density for each species was calculated in a similar way; 4) the growing stock of each species was 
recalculated to theoretical one (i.e. the growing stock which this species has in a single-species forest 
stand with relative stand density equal to 1.0) by dividing the species growing stock by its relative density; 
5) the age, average height, average stem diameter and number of trees per hectare were defined on the 
basis of known characteristics: tree species, its growing stock and site index [14], by using regional yield 
tables for normal plantings. Absent characteristics of soil organic matter pools were estimated from two 
available parameters: forest site class and dominant species in the overstorey, with the use of regional 
databases and expert estimations [15]. 
However, modelling based on stand-level forest inventory data with a high level of detail demands of 
considerable computational resources. The obtained output of results was considerable. Therefore, a 
special procedure of forest inventory data reduction was developed. This procedure was previously 
described in detail [9]. 
We also analyzed the main sources of uncertainties and evaluated the ROMUL model parameters such 
as rates of decomposition for each soil fraction and the biological properties of each tree species. A 
Monte-Carlo procedure was applied to evaluate the robustness of coefficients. We found that sensitivity 
to small changes in the values of the coefficients increased with the stage of decomposition. The 
EFIMOD model is also sensitive to changes in biomass increment reallocation and tree mortality 
functions. The procedure of model initialization was suggested using conceptions of primary forest 
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succession and forest types. Finally, EFIMOD predictions were thoroughly verified against field 
measurements [15]. 
The important part of our computer experiments was the simulation of forest management, i.e. the 
specification of a certain management scenario for each forest site. For the implementation of such 
scenarios, a special module was developed which allows for definition of a number of parameters: 1) the 
duration of the simulation period; 2) target species for which forest management at the site will be aimed, 
depending on the site index; 3) cuttings and plantings; 4) cutting age for each tree species and 5) cutting 
order. 
Simulations were done for 100 years starting in the 1990s. Future climate was simulated using the soil 
climate weather simulator SCLISS [12, 13] on the basis of long-term statistical characteristics of climate 
series. 
Areas under study 
Three study areas in different parts of European Russia were chosen for the simulation experiments 
(Fig. 2). 
 
Fig. 2. Areas under study. 1 – Dankovskoe forestry enterprise; 2 – Manturovskoe forestry enterprise; 3 – Zheleznodorozhnoe 
forestry enterprise. Approximate borders of vegetation subzones are shown. Based on a map by Daniel Dalet (d-maps.com). 
These areas have distinct environmental conditions, soil cover and vegetation. They were selected to 
present a latitudinal gradient of climatic conditions. The Dankovskoe forestry enterprise (total area 69,200 
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ha) in the Moscow region consists of middle-aged pine and birch stands on weak podzolic soils. The 
Manturovskoe forestry enterprise (180,600 ha) in Kostroma region consists of middle-aged pine, birch 
and aspen stands as the most common species. Soil cover is formed by sandy and loamy-sandy, podzolic, 
sod-podzolic and peaty-gley soils, with an underlying moraine. The Zheleznodorozhnoe forestry 
enterprise (in the Komi Republic), with an area of about 1,445,000 ha, consists of young and old-growth 
stands; the prevailing tree species are spruce (Picea abies (L.) Karst.) and pine (Pinus sylvestris L.). Soil 
cover is presented by podzolic, swamp-podzolic and peat-bog soils [16]. Annual average temperature 
varies from 5.0°С in the Moscow region to 0.1°С in the Komi Republic (3.0°С in the Kostroma region); 
annual total precipitation is 634 mm for the Dankovskoe forestry enterprise, 621 mm in the Manturovskoe 
forestry enterprise, and 585 mm in the Zheleznodorozhnoe forestry enterprise [17]. 
The areas under study have different environmental conditions. Moderately wet habitats prevail in the 
Dankovskoe forestry; in the Manturovskoe and Zheleznodorozhnoe forestry, a considerable part of the 
total area is covered by habitats with lean soils. Also, the Zheleznodorozhnoe forestry is characterized by 
excessive moisture in nearly the entire territory. As such, distinct dynamics of forest ecosystems can be 
expected for these areas. Modelling carried out for three areas with different climatic conditions will 
allow us to construct a latitude transect and to extrapolate the results of these simulations to larger areas. 
To assess the influence of the forest management regime, four general simulation scenarios were 
designed. Scenario 1 suggested natural development of forest ecosystems without cuttings and natural 
disturbances. Natural regeneration by seeds was simulated every 15 years in the specific proportions of 
the tree species depending on forest site type and tree dominance. The density of seedlings was 2000 trees 
ha-1. Scenario 2 simulated the development of forest ecosystems taking into account possible forest 
wildfires. The frequency of fires was based on statistical data on annual burned areas in different regions 
of Russia. It varied depending on the region; on average, 0.4±0.25% of the total forested area in Russia is 
affected by fire [18]. Scenario 3 simulated two pre-commercial thinnings (at stand ages of 25 and 50 
years) and a subsequent series of selective cuttings at a rate of 35% stand density over a period of 30 
years. Scenario 4 simulated a clear-cutting regime with four preliminary improvement cuttings (at stand 
ages of 5, 10, 25 and 50 years at a rate of 30%-50%, depending on stand density). Clear cutting occurred 
at a stand age of 80-140 years, depending on the dominant tree species. Regeneration (5000 trees ha-1) 
was simulated after clear cutting. The species composition of seedlings in all scenarios depended on 
forest site type and the tree species dominating in the canopy. Numerical data were taken from field 
experiments [19] and expert estimations (Bobrovskiy, unpublished). 
Results and discussion 
Dynamics of carbon stocks 
The Manturovskoe forestry enterprise was recently subjected to vast disturbances (conflagrations and 
intensive cuttings) which led to a serious decrease in carbon stocks. So, without such disturbances, there 
was a rapid increase in carbon stocks in trees up to a value of ~120 t [C] ha-1 (Fig. 3-1). Contrastingly, in 
the Dankovskoe and Zheleznodorozhnoe forestry enterprises, the initial carbon stock was already close to 
the maximum for this territory. Therefore, there was no increase in the carbon stock of trees; only small 
fluctuations could be observed, which were caused by die-off of old-growth stands and the establishment 
of new stands. The carbon stock in trees was ~120 t [C] ha-1 for the Dankovskoe forestry enterprise and 
~80 t [C] ha-1 for the Zheleznodorozhnoe forestry enterprise (Fig. 3-1). It of note that the carbon stocks in 
trees by the end of simulation period were almost equal for the Manturovskoe and Zheleznodorozhnoe 
forestry enterprises. This is, probably, the most typical value for the given vegetation subzone. 
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In scenario 2, the carbon stock of trees in the Manturovskoe forestry enterprise also increased, but this 
increase was less than in scenario 1; the maximum value was ~100 t [C] ha-1 (Fig. 3-2). Ravines are 
associated with large fires affecting vast areas. For the drier area of the Dankovskoe forestry enterprise, 
this scenario led to a decrease of carbon stocks in trees to a value of ~90 t [C] ha-1 due to the greater 
intensity of fires. In contrast, the value of the carbon stock of trees in the Zheleznodorozhnoe forestry 
enterprise was almost stable (~80 t [C] ha-1) because most of its territory is excessively moist; therefore, 
fires occur very rarely. 
 
 
Fig. 3. The dynamics of carbon stocks in stands in different simulation scenarios (1 – without disturbances, 2 – with fires, 3 – with 
selective cuttings, 4 – with clear cuttings). 
Scenario 3 produced similar values of the carbon stock (~70-80 t [C] ha-1) in tree biomass by the end 
of the simulation period for all areas. It seems probable that carbon balance in this scenario is strongly 
dependent on management and almost independent of environmental conditions. Small fluctuations 
caused by tree biomass removal during selective cuttings could be observed (Fig. 3-3). 
In scenario 4, there was a small increase in the carbon stock of tree biomass in the first half of the 
simulation period for the Manturovskoe forestry enterprise because the stands were predominately young, 
and clear cuttings were almost absent during this period. Then, after maturing of the stands, clear cuttings 
started and the carbon stock in trees decreased to a value of ~50-60 t [C] ha-1. Similar dynamics were 
observed for the Dankovskoe forestry enterprise. In the Zheleznodorozhnoe forestry enterprise, there was 
no significant decrease in the carbon stock in tree biomass because some restrictions were applied to 
protect the less sustainable northern forest ecosystems of the Komi Republic from overuse. In particular, 
clear cuttings were not applied to a forest site if growing stock was less than 150 m3 ha-1. Otherwise, the 
low-yield stands would not be able to recover from cutting, which can lead to ecological destruction and 
full deforestation (Fig. 3-4). 
In scenario 1, the soil carbon stock in the Manturovskoe forestry enterprise increased slightly initially, 
then it reached a steady state at the level ~105 t [C] ha-1 (the initial value was ~101 t [C] ha-1). Total SOM 
was considered as a sum of organic matter pools in the organic and mineral horizons. The proportion of 
stable humus in the mineral horizons increased, and the proportion in the forest floor decreased. Without 
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the removal of tree biomass, litter income to soil was rather high. In the case of the Dankovskoe forestry 
enterprise, the initial increase of carbon stock in soil was much more significant than in the previous 
territory (from ~75 to ~87 t [C] ha-1). The main contribution to this increase was related to the pool of 
stable humus of mineral horizons because forests in this area were established relatively recently and the 
process of humus formation and accumulation is still going on. The Zheleznodorozhnoe forestry 
enterprise had very stable carbon stock dynamics in soil (Fig. 4-1). 
 
 
Fig. 4. The dynamics of carbon stocks in soil in different simulation scenarios (1 – without disturbances, 2 – with fires, 3 – with 
selective cuttings, 4 – with clear cuttings). 
Scenario 2 showed similar dynamics of the main carbon pools in soil for all areas under study (Fig. 4-
2). For the Dankovskoe and Manturovskoe forestry enterprises (in comparison with scenario 1) a slight 
decrease (by ~3 t [C] ha-1) was observed, which resulted from burning the forest floor and decreased litter 
income from trees damaged by fires. In the Zheleznodorozhnoe forestry enterprise, covered mainly by 
very wet sites, the occurrence of fires was significantly lower; therefore, there was no remarkable 
decrease in the soil carbon pool. 
In scenario 3 (selective cuttings), the carbon stock in soil also reached a steady state, but at a higher 
level: the increase (in comparison with scenario 1) was 4-5 t [C] ha-1 for the Dankovskoe forestry 
enterprise, and 2-3 t [C] ha-1 for the Manturovskoe forestry enterprise. Similar to the previous scenario, 
the proportion of stable humus increased, but there was a decrease in the proportion of labile humus and 
forest floor. As in the previous scenario, the Zheleznodorozhnoe forestry enterprise showed no significant 
changes in soil carbon pools for the duration of the simulation period (Fig. 4-3). 
In scenario 4 (with improvement cuttings and final clear cuttings), there was a decrease in the carbon 
stock in soil to 2-6 t [C] ha-1 by the end of the simulation period for all simulated areas (Fig. 4-4), 
generally at the expense of the forest floor (due to the burning of felling residues on the cutting area). The 
proportion of labile humus remained relatively constant, but there were frequent fluctuations resulting 
from the decomposition of underground tree biomass which remained after cuttings. The stable humus 
content increased as well, as in other scenarios. Some increase was observed at the beginning of the 
simulation period because growing stands produced a large amount of litterfall which came to the soil and 
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was involved in decomposition. But, after the maturing of trees, clear cuttings began, and litter income 
decreased. 
The decrease in forest floor after clear cutting is known from the results of field observations [20]. It is 
obvious that different forest management regimes affect soil carbon pools differently. Stable humus is the 
buffer component of soil and underreacts following different disturbances, in contrast to labile humus and 
forest floor, the amount of which may have great fluctuations due to income from felling residues. 
 
 
Fig. 5. The dynamics of carbon stocks in deadwood and snag in different simulation scenarios (1 – without disturbances, 2 – with 
fires, 3 – with selective cuttings, 4 – with clear cuttings). 
In the Manturovskoe forestry enterprise, scenario 1 resulted in a significant increase of carbon stock in 
deadwood and snag due to the natural mortality of trees coupled with the absence of the removal of stems 
in the course of cuttings. The value of carbon stock in this pool reached ~48 t [C] ha-1. In the Dankovskoe 
forestry enterprise, this value was ~53 t [C] ha-1 and had an upward trend. The carbon stock in deadwood 
and snag for the area of the Zheleznodorozhnoe forestry enterprise initially decreased slightly and then 
remained relatively constant for the entire simulation period with a value ~8 t [C] ha-1 (Fig. 5-1). Such 
dynamics are probably related to the lower value of natural mortality in more sparse stands (in EFIMOD, 
tree mortality depends on the number of nearest trees). The data on carbon stocks in the deadwood pools 
for wet and wet peatland spruce forests, which covers most of the area of the Zheleznodorozhnoe forestry 
enterprise, has been published by Kuznetsov [21]. The results of field measurements were in a very good 
agreement with the results of simulation experiments. 
In scenario 2, the carbon stock in deadwood and snag had neither a clear downtrend nor uptrend in all 
simulated areas; however, significant fluctuations were observed over short time periods. These 
fluctuations were the result of two opposite processes. The first was the permanent mortality of trees 
damaged by fires, which led to the accumulation of dead tree biomass in the related pool. The second 
process was the burning of deadwood and snag and, therefore, the emission of gaseous combustion 
products to the atmosphere. The average value of carbon stock in the given pool was 5-15 t [C] ha-1 lower 
than in the previous scenario (Fig. 5-2). 
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In scenario 3, the carbon stock in deadwood and snag showed a clear downtrend for the Manturovskoe 
and Dankovskoe forestry enterprises. The value by the end of the simulation period was ~12 t [C] ha-1 for 
the Dankovskoe forestry enterprise, ~20 t [C] ha-1 for Manturovskoe forestry enterprise and ~9 t [C] ha-1 
for the Zheleznodorozhnoe forestry enterprise (Fig. 5-3). Such dynamics resulted from the removal of 
trees at cuttings. It should be noted that the pool of deadwood and snag in the Zheleznodorozhnoe forestry 
enterprise showed no significant decrease, probably due to the very low rate of woody biomass 
decomposition in the cold climate of the Komi Republic. 
In scenario 4, the Dankovskoe forestry enterprise showed the most significant decrease in the pool of 
deadwood and snag. For the other areas under study, this decrease was not so remarkable (Fig. 5-4). 
To this point, the generalized dynamics of basic carbon pools for the studied territories have been 
described. However, it can be expected that distinctions of dynamics may arise due to different forest 
types marking environmental conditions. To reveal these differences, the results of the simulations were 
grouped by classification of forest type [14], which is similar to Cajander’s classification [22]. 
 
 
Fig. 6. 1 – The dynamics of total carbon stocks in different groups of forest types. 2 – Carbon budget (difference between the value 
of the total carbon stock at the end of the simulation period and the initial value) for different groups of forest types in different 
simulation scenarios (1 – without disturbances, 2 – with fires, 3 – with selective cuttings, 4 – with clear cuttings). 
Detailed analysis of the simulation results allowed for dividing all forest types into three groups with 
different dynamics of basic carbon pools (Fig. 6-1). The first included Oxalis, Oxalis-Myrtillus, Myrtillus 
and Aegopodium types, which are the habitats with the most optimal conditions: moderate moisture and 
rather rich soil. The second group consisted of Cladina and Vaccinium types, which are dry ecotopes with 
lean soils. The third group included Oxalis-Maianthemum, Filicies, Polytrichum and Sphagnum types, i.e. 
ecotopes with excessive moisture. 
Carbon stocks in the basic pools (Fig. 6-2) were maximal for group 1 and minimal for group 3 in all 
simulated scenarios. In groups 1 and 2, the carbon stock in soil was greater than in tree biomass, in 
contrast to group 3. In the case of group 1, there was an increase in total carbon stocks in the scenario 
without cuttings and small changes to this variable were seen in scenarios with cuttings. Group 2 could be 
characterized by the most significant increase in total carbon stock in scenarios 1 and 2. In group 3, a 
considerable accumulation of carbon in soil was observed while the carbon pool in tree biomass increased 
slightly. Group 3 demonstrated a noticeable increase in total carbon stocks in scenario 3 (with selective 
cuttings). 
Thus, three groups of forest types were shown in simulations to represent distinct dynamics of carbon 
stocks. Group 1 showed very high vulnerability to any forest management regime; group 2 was less 
sensitive to disturbances; and group 3 was characterized by different reactions depending on the regime of 
management. It is reasonable that forest ecosystems in conditions which are not optimal ones had a longer 
period of recovery after disturbances. Therefore, any management regime is acceptable for group 2; group 
1 should not be managed; and for group 3, a selective cutting regime would be recommended. 
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Carbon balance 
The carbon budget for each simulation scenario was calculated as the sum of mean annual NPP 
excluding mean annual soil respiration (expenditures of carbon for respiration of plants were implicitly 
included into the EFIMOD formulation and were not taken into account here). For scenarios with cuttings 
(3 and 4), the mean annual amount of carbon removed with tree biomass at cuttings was also excluded 
from the carbon budget calculation. 
 
 
Fig. 7. The dynamics of total carbon stocks in different simulation scenarios (1 – without disturbances, 2 – with fires, 3 – with 
selective cuttings, 4 – with clear cuttings). 
The maximal values for total carbon stocks for all areas under study were observed in scenario 1 
(without disturbances). This level increased in Manturovskoe (mainly due to an increase in the carbon 
stocks in tree biomass) and Dankovskoe (due to an increase in both tree biomass and soil organic matter 
pools). For these areas, the values were very similar and equal to ~270 t [C] ha-1. In the case of the 
Zheleznodorozhnoe forestry enterprise, the total carbon stock remained almost constant at a level of ~160 
t [C] ha-1 (Fig. 7-1). 
In scenario 2, in the case of the Manturovskoe forestry enterprise, the total carbon stocks also 
increased (Fig. 7-2). In other territories, it remained at a similar level. In scenario 3, all areas showed a 
slight decrease (Fig. 7-3). In scenario 4, the areas with higher stand productivity (the Manturovskoe and 
Dankovskoe forestry enterprises) showed a significant decrease in total carbon stocks (Fig. 7-4). 
It should be noted that scenarios with disturbances also affected the frequency distribution of the 
carbon stocks in separate stands until the end of the simulation period in pools such as tree stands and 
deadwood. In scenario 1, the distribution was close to a Gaussian distribution (this means that sites with 
the average value of total carbon stock had the highest frequency of occurrence while the sites with very 
high or very low values were very rare). Contrastingly, various disturbances resulted in “shifting” of the 
distribution to the left side. In other words, fires and cuttings led to a significant increase in the 
occurrence of sites with low values of total carbon stocks rather than a uniform decrease of this index for 
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all sites in the simulated areas. It should be noted that the skewness of the left-side distribution increased 
with the rating of disturbances, i.e. from scenario 2 to scenario 4. 
A diagram of carbon balance is shown in Fig. 8. Net primary production (NPP) is a characteristic of 
the carbon accumulation rate. This underwent significant changes over time due to variations in climatic 
variables, age structure and species composition. We did not consider annual dynamics because they are 
influenced by climatic conditions and show strong fluctuations over time. To compare different scenarios, 
the mean value of NPP for the entire simulation span (100 years) was taken into consideration to evaluate 
total tree biomass increments. 
 
 
Fig. 8. Net primary production, carbon dioxide emissions due to respiration of soil biota, carbon removal due to cuttings and carbon 
balance (annual average for the entire simulation period) different simulation scenarios (1 – without disturbances, 2 – with fires, 3 – 
with selective cuttings, 4 – with clear cuttings). 
Maximal values of NPP were expectedly observed in scenario 1. Fires and cuttings resulted in damage 
or elimination of some amount of trees and therefore a decrease in NPP. The most remarkable effect of 
different impacts on tree productivity was shown for the Zheleznodorozhnoe forestry enterprise: the mean 
value of NPP for all scenarios with disturbances was significantly lower than in scenario 1. This was 
probably due to the very high susceptibility of forest ecosystems in northern Russia to various influences 
and a prolonged period of recovery. In the case of the Dankovskoe and Manturovskoe forestry enterprises, 
only scenario 4 (with clear cuttings) was associated with a significant decrease in net productivity. 
The emission of carbon dioxide depends on the amount of plant debris that reaches the soil and is 
involved in the decomposition processes. In other words, the lower the amount of organic matter removed 
from the ecosystem, the more is involved in the decomposers’ food chain. Therefore, the amount of CO2 
released in scenarios 3 and 4 was less than in scenario 1. Forest fires led to direct emissions of carbon 
dioxide due to the burning of organic compounds and additional emissions after the fire resulting from the 
decomposition of dead trees. Therefore, carbon dioxide emissions in scenario 2 were considerably greater. 
Also, it should be noted that the amount of harvested wood was quite similar for both scenarios with 
cuttings (except for the Zheleznodorozhnoe forestry enterprise where harvested biomass in the scenario 
with selective cuttings was significantly higher than in the scenario with clear cuttings due to heavy 
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restrictions (see above) for the application of clear cuttings in scenario 4). Nevertheless, scenarios 3 and 4 
led to different carbon stocks in stands and soil, and also to considerable differences in the species 
composition of stands. 
As can be seen, in scenario 1 (without disturbances), the forest ecosystems in all studied areas were a 
carbon sink, whereas they were a carbon source in all other scenarios. 
Species composition 
In scenario 1, an even-aged mixed coniferous-broadleaved forest with Norway spruce (Picea abies (L.) 
Karst.), Pedunculate oak (Quercus robur L.) and small-leaved lime (Tilia cordata Mill.) was formed in 
the Dankovskoe forestry enterprise. Stands with Scots pine (Pinus sylvestris L.) established on poor sandy 
soils. Pioneer species (silver birch (Betula pendula Roth) and Eurasian aspen (Populus tremula L.)) were 
almost completely eliminated (Fig. 9-1) during the simulation period; these species only occurred in gaps 
formed by tree-falls.  
 
 
Fig. 9. Species composition (portion of total biomass for each tree species) by the end of simulation period in different simulation 
scenarios (1 – without disturbances, 2 – with fires, 3 – with selective cuttings, 4 – with clear cuttings, 0 – initial species composition, 
i.e. before the beginning of the simulation) in different areas under study (D – Dankovskoe forestry enterprise, M – Manturovskoe 
forestry enterprise, Z – Zheleznodorozhnoe forestry enterprise). 
A similar species composition was observed in the Manturovskoe forestry enterprise (Fig. 9-2), but 
oak was almost completely absent, because the northern boundary of this species’ home range is located 
in this territory. In environmental conditions typical for the Zheleznodorozhnoe forestry enterprise, no 
broad-leaved tree species can establish; therefore, the stands which formed by the end of the simulation 
period in scenario 1 were mainly comprised of coniferous species (spruce and pine) (Fig. 9-3). Thus, the 
scenario without disturbances resulted in a zonal vegetation type for all areas. This is a kind of indirect 
verification of the model system. 
Scenario 2 demonstrated the highest proportion of pine and birch stands, which usually come first to 
burned sites and are the main constituents in the early stages of post-fire successions. Fires had the most 
significant impact on broad-leaved species (lime and oak) which were almost completely eliminated in 
this scenario. The proportion of young trees increased because of the increased mortality of old trees. In 
scenario 3, in all areas under study, the number of spruce stands increased, because this is a target species 
for forest management in this scenario. In scenario 4, spruce stands were formed mainly on sites with rich 
soil with pine on poor sandy soil. There was also a rather high proportion of parvifoliate species (birch 
and aspen), because these species were first established in cutting areas at a high density and formed a 
close canopy, preventing the regeneration of other species. The total area of such cutting areas remained 
relatively high during the entire simulation period due to the short cutting cycle. Similar dynamics have 
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been predicted for forest ecosystems of the Kostroma region with the more general matrix model 
EFISCEN [23]. 
Conclusion 
In brief, the results of this computer experiment with application of the EFIMOD model system 
demonstrate that existing forest inventory data can be used for long-term forecasts of the dynamics of the 
main pools of carbon in a forest ecosystem: stand, soil and deadwood. It can be also done for different 
scenarios of forest management and, as was presented previously, for different external impacts, such as 
nitrogen deposition [10], climate change [9] and forest fires. The results obtained for different climatic 
zones in central European Russia demonstrate realistic long-term dynamics of the main carbon pools and 
species composition with different forest management and can be used for optimizing cuttings in relation 
to wood production and increasing carbon stocks as well as biodiversity issues.  
These new results concern the representation of large forest areas as a set of different forest types. 
Groups of forest types demonstrate similar dynamics and responses to external impacts. This allows for 
more detailed analysis of forest land dynamics as a long-term prognosis. 
Further, we plan to extrapolate these results together with “ICP Forests” data for north-western 
European Russia for the evaluation of total carbon dynamics and biodiversity changes in different 
scenarios of forest management and external impacts on forests and forest soils in the boreal and 
coniferous-broadleaf forests of European Russia. 
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